The corrosion protection performance of epoxy coated High Tensile Strength (HT) steel was evaluated by using Electrochemical Impedance Spectroscopy (EIS) and Scanning Electrochemical Microscope (SECM) analysis. EIS was performed on coated HT steel with a scratch in a 0.1 M NaCl solution after a wet/dry cyclic corrosion test. The charge transfer resistance (Rct) and film resistance (Rf) of coated HT steel displayed a higher value than coated carbon steel. SECM was conducted to estimate the corrosion performance of the epoxy coated HT steel immersed in a 0.1 M NaCl solution. It was measured that dissolution of Fe 2+ was suppressed at the scratch on the coated HT steel due to the higher resistance for anodic dissolution of the substrate. SEM/EDX analysis showed that Cr and Mo were enriched in corrosion products at a scratched area of the coated steel after corrosion testing. FIB-TEM analysis confirmed the presence of the nanoscale oxide layers containing Cr, Ni and Mo in the rust of the steel, which had a beneficial effect on the corrosion resistance of coated steel by forming protective corrosion products in the wet/dry cyclic test.
Introduction
Several conventional electrochemical techniques such as cyclic voltammetry, chronoamperometry and polarization measurement have been employed to evaluate the corrosion process. Since corrosion processes are initiated within the range of micrometers and nanometers, a comprehensive understanding of the corrosion mechanism requires acquisition of data at the micrometer and nanometer level. Hence, there is a need for micro electrochemical techniques with a spatial resolution which can acquire data and explore the corrosion mechanism on the micrometer scale. In recent years, many techniques such as localized electrochemical impedance spectroscopy (LEIS), 1, 2) scanning reference electrode techniques (SRET), 3, 4) scanning vibrating electrode techniques (SVET) and scanning electrochemical microscopy (SECM) have been developed to study corrosion processes at the microscopic level. 5, 6) SECM was introduced to evaluate localized corrosion processes, [7] [8] [9] since it provides electrochemical activity and topographic information on surface reactions at the micrometer scale in aqueous environments. The use of an ultra microelectrode (UME), which is scanned across the surface of a sample, allows characterization with spatial resolution and electrochemical measurement. This technique has already provided very interesting information concerning the initiation of pitting corrosion of various metals, 10, 11) growth of passive films on metals, 12) characterization of thin inhibitor films on reactive metals and the galvanic corrosion of an iron-zinc cell. 13, 14) It has also been used to detect metal dissolution either from inclusions in alloys or from defects in polymer coated metals. In addition, SECM has been applied in the characterization of the influence of electrolyte composition on a metal-coating system, chemical stability of thin surface films, recognition of anodic and cathodic areas, and hydrogen permeation and in evaluation of the coating degradation process. 15, 16) On the other hand, high tensile strength (HT) steel has been widely applied in steel structures, because the total weight of the structures can be reduced. As HT steel contains the effective element against the corrosion such as Cr, Ni and Mo, it has the potential to keep the high corrosion resistance. However, there are very few papers concerning the corrosion resistance of HT steel. In this study, SECM was applied primarily to evaluate the corrosion protection performance of epoxy coated HT steel in a 0.1 M NaCl solution. During the corrosion of the metals at the OCP, the tip current was detected to evaluate the suppressing effect of the coated HT steel on the corrosion around a defect area. Mainly, it was aimed to monitor the dissolution of Fe 2+ ions from scratched area of epoxy coated HT and carbon steels. Moreover, consumption of dissolved oxygen was measured at the corresponding cathodic locations. Additionally, the electro-chemical behavior of the coated steel was investigated by EIS. This technique has been particularly useful tool for detecting the corrosion behavior of epoxy coated steel. By using SECM and EIS, it has been studied corrosion protective properties of epoxy coated HT steel in a solution with NaCl.
Experimental

Preparation of Steel Specimens
The chemical composition of the HT steel specimen was (mass%): 0.3 C-0.3 Si-0.7 Mn-0.7 Ni-0.6 Cr-0.3 Mo-0.01 P-0.003 S-0.03 Al-0.003 N-0.002O-Fe. As a comparison, carbon steel was used. The chemical composition of the carbon steel was (mass%): 0.3 C-0.3 Si-0.7 Mn-0.01 P-0.003 S-0.03 Al-0.003 N-0.002 O-Fe. Specimens (2 cm 2 surface areas) were polished using silicon carbide papers up to 1 200 grit. After polishing, the sample surface was rinsed with distilled water and acetone before coating.
Preparation of Coatings
The epoxy resin used in this investigation is commercially known as a fast-drying type epoxy. The liquid epoxy resin was a blend of multifunctional low molecular weight diluents and the diglycedal ether of bisphenol A, whereas the curing agent was based on the aliphatic amines. The weight ratio of the epoxy resin to the curing agent was 2:1. The steel specimens were coated using a drawdown bar at constant speed and then kept at room temperature for one week. This method led to the formation of an epoxy film coating uniformly with a thickness of about 40 μm. Artificial scratches with an approximate diameter of 150-200 μm were produced in the coated samples.
EIS Measurement
A wet/dry cyclic test corrosion test consisted of wetting the sample surfaces of 0.4 L/m 2 in 0.1 M NaCl solution for 12 hours and drying the specimen in a chamber maintained at 25°C, 60% RH for 12 hours. For electrochemical characterization, EIS measurements were taken periodically in a 0.1 M NaCl solution. The EIS was performed in a conventional three-electrode cell, using coated steel as the working electrode and a saturated calomel electrode (SCE) as the reference electrode. A frequency response analyzer was used for EIS measurements with amplitude of 10 mV over a frequency range of 40 kHz to 1 mHz. All measurements were carried out at the open circuit potential at room temperature (25°C). The EIS experimental data were analyzed using curve fittings.
SECM Measurement
SECM was conducted over a large surface area (1 000 μm 2 ) with consecutive images of the same position of the coated steel had taken as a function of immersion time. All the experiments were conducted at room temperature in a naturally aerated cell containing a 0.1 M NaCl solution. As reduction of oxygen is dominant for the cathodic process in corrosion, change in the concentration of dissolved oxygen due to corrosion reactions was the primary factor. SECM was performed in order to detect dissolved oxygen as a cathodic current.
... (1) In particular, the concentration of oxygen in the scratched area of the coated sample was measured as a function of time. Oxygen could be monitored at the tip of the SECM by setting the potential of the tip at -0.70 V vs. the Ag/AgCl/ saturated KCl reference electrode. Then, the diffusion limited current of oxygen at the tip was able to be determined at this potential.
The ... (3) Since no Fe 2+ was originally present in the test solution, it can only be originated from corrosion processes at the steel inside the scratch. In this way, soluble Fe 2+ ions would diffuse away from the scratch and would be eventually detected at the tip through oxidation.
In this study, SECM was conducted in 0.1 M NaCl solution to estimate the corrosion performance of the coated HT steel. Platinum microelectrodes with a diameter of 10 μm were employed as SECM tips. The movement of the tip was controlled in the x, y and z directions using optically encoded inchworm piezo motors. The Pt tip was scanned at a constant height above the sample while all experiments were performed. A bipotentiostat designed for SECM was used to control the potentials of the sample and tip separately. A video microscope mounted above the cell was used to aid in positioning the microelectrode over the sample. All measurements were performed using an Ag/AgCl reference electrode and a Pt wire as a counter electrode. The coated sample was mounted horizontally at the bottom of a micro flat cell. The sample of coated steel was examined at the OCP in all SECM experiments. A line scan was observed across the scratched area in the coated sample at a scan rate of 20 μm s -1 in the x direction. SECM maps were obtained on the coated steel in order to detect the continuous change in corrosion at a constant height of 20 μm.
Surface Characterization
The surface state of the corrosion product on the coated steel was observed by FE-SEM and FIB-TEM (Focused Ion Beam-Transmission Electron Microscope, JEM-2100F) analysis. After the cyclic corrosion test, the coated steel was cast in resin and polished using emery paper, followed by diamond paste. Carbon was then evaporated on the sample in order to compensate for charging effects. A cross section of the rusted steel was examined using FE-SEM at an acceleration voltage of 20 kV and irradiation current of 10 μA. Figures 1 and 2 show the EIS results for the epoxy coated HT steel and carbon steel with scratches, respectively. It was possible to fit all the impedance spectra using the equivalent circuit model shown in Fig. 3 Figs. 1 and 2 , the EIS spectra of the scratched sample show two resistances. The resistance in the high frequency region is thought the resistance of the film (Rf) that demonstrates the coating behavior. On the other hand, the resistance in the low frequency region is the charge transfer resistance (Rct) which corresponds to the corrosion reaction occurring on the steel. Moreover, the EIS spectrum suggests the presence of two capacitances. As the capacitance at high frequency shows a lower value, it is thought the film capacitance (Cf). Although the impedance by film capacitance (Cf) is recognized, it is very insignificant in the spectra. Thus, the Cf is not shown in the Fig. 4 . On the other hand, the capacitance in the low frequency region is due to the double layer capacitance (Cdl), because it shows a higher value of 10 -3 -10 -4 F cm -2 . Figure 4 shows the charge transfer resistance (Rct), film resistance (Rf) and double layer capacitance (Cdl) obtained by curve fitting. A decrease in Rct is thought to show the corrosion process of the coated samples. In the case of the carbon steel, a low value of Rct (43 kΩ cm 2 ) is initially observed and decreased further to 9 kΩ cm 2 after 15 days. However, a high value of Rct (91 kΩ cm 2 ) is observed for HT steel and reaches a constant value of 37 kΩ cm 2 after 8 days. In addition, the Rct value of HT steel at 15 days is significantly higher (33 kΩ cm 2 ) than that of carbon steel. The Rf of the carbon steel decreased during the test time of 15 days from 7.8 to 2.8 kΩ cm 2 . Rf is actually thought to demonstrate ionic transport through the coating film. Thus, the decrease of Rf during the first few days of the test is attrib- . Thus, Rf of HT steel shows a higher value than that of carbon steel. The value of Cdl is thought to depend on the corrosion area under the film. Thus, the lower value of Cdl of HT steel means a smaller area of corrosion under the film as compared with carbon steel.
In this way, an increase of Rct and decrease of Cdl occurred in the coated HT steel during the corrosion test. The enhancement of corrosion resistance of coated HT steel may be due to the formation of corrosion products containing Cr, Ni and Mo in the scratched surface of the HT steel, which is discussed in the following.
SECM Topographic Imaging Analysis
SECM images were used to collect electrochemical information on the scratches of coated steels immersed in a 0.1 M NaCl solution. Corrosion behavior is depicted by the variation in color in the SECM images, which represent the local anodic and cathodic area in the scratched sample. Figure 5 shows SECM images of the tip potential at +0.60 V (vs. Ag/AgCl/saturated KCl) for the epoxy coated carbon and HT steel with scratches. The current measured at the scratch (center of sample) is significantly higher than that at other places. This behavior is thought to show that dissolution of Fe 2+ occurs at the scratch because the tip potential is set at +0.60 V (vs. Ag/AgCl/saturated KCl). As test time increases, the tip current at the scratch increases from 3.3 nA (orange) to 8.1 nA (blue). This shows that dissolution of Fe 2+ increases with test time. For HT steel, electrochemical behavior is same as that of the carbon steel. However, the tip current at the scratch increases very slowly as compared with the carbon steel from 3.1 nA (orange) to 5.5 nA (light green). In this way, dissolution of Fe 2+ at the scratch is reduced in HT steel as compared with carbon steel. Figure 6 shows SECM images of carbon and HT steel for different test time at -0.70 V. In HT steel, the tip current measured at the scratch is significantly smaller (2.0 nA) than that over the coated surface (7.0 nA). This behavior is thought to occur by consumption of oxygen at the scratch. As anodic dissolution of Fe 2+ occurs, concentration of oxygen is decreased by the consumption as cathodic reaction at the scratch. On the other hand, in carbon steel, with increasing test time, the tip current decreases at the scratch from 6.0 nA to 4.5 nA, which is shown by an increase in the red color. Therefore, the increase in the red color is due to a increase in the cathodic reaction at the scratch.
SECM Line Scan Analysis
SECM line scan was measured across the scratches to monitor changes in the Fe 2+ and O 2-concentrations at different immersion times in the chloride solution. ic dissolution of Fe 2+ occurs. However, the diffusion current of oxygen from the bulk solution to the scratched surface is too small that the cathodic current for the carbon steel as well as HT steel was found to be more or less same. This is due to the result of higher residual current and very small value of tip current. By reducing the residual current, we used Ipeak and Imin values. These results are in good agreement with the SECM imaging results.
The peak current (Ipeak) at +0.60 V (vs. Ag/AgCl/saturated KCl) is calculated from Figs. 7(a) and 7(c) according to the illustration in Fig. 8(a) . Here, Ipeak is the net anodic current by reducing the residual current. Moreover, the minimum current (Imin) at -0.70 V (vs. Ag/AgCl/saturated KCl) is calculated from Figs. 7(b) and 7(d) according to the illustration in Fig. 8(b) . Thus, Imin is the net cathodic current. From Fig.  8(a) , Ipeak is higher for carbon steel (7.79 nA cm -2 ) than that of HT steel (5.53 nA cm -2 ) after 10 hours. There is a sharp increase in Ipeak for the carbon steel with test time due to increase in the dissolution of Fe. On the other hand, there is a slow increase in Ipeak for HT steel with test time due to the formation of corrosion products at the scratch which decrease the further dissolution of Fe. From Fig. 8(b) , Imin is smaller for carbon steel (2.72 nA cm -2 ) than that of HT steel (4.81 nA cm -2 ). The Imin decreases steadily both steels due to the decrease in the consumption of oxygen during the test time. From this analysis, it was concluded that the rate of corrosion of the carbon steel is much higher than that of the HT steel.
Surface Characterization of Coated HT Steel after
Wet/Dry Test SEM was performed after 15 days of wet/dry cyclic corrosion test to identify the corrosion products of coated steel. Figure 9 shows the cross section of SEM image and EDX results for coated HT steel. EDX analysis confirmed the presence of Cr, Ni and Mo in the inner rust of HT steel. This is due to the formation of complex iron oxides containing Cr, Ni and Mo during the corrosion test. This result implies that complex oxides are formed during the cyclic corrosion test, which enhances the barrier properties of the epoxy coated steel.
TEM observation was conducted as shown in Fig. 10 to investigate the nanostructure of the rust. The inner rust of the steel was cut by FIB for about 1 μm, and then examined by TEM. Figure 10 is the cross section of the rust under the condition that the bottom side of the figure is the steel. Other elements except iron was shown as a little white color in the bright field image of the TEM. Thus, it was possible to select the rust containing Cr, Ni and Mo by EDX analysis. The micrograph in Fig. 10(a) depicts the spot position of analysis. Figure 10(b) shows the elemental composition of Fe, Cr, Ni, Mo and O in mass% corresponding to each spot in Fig. 10(a) . This figure clearly shows an enrichment of Cr, Ni and Mo from spot 1-6 and also a decrease of Fe. Actually, these layers are thought to be made by the oxides containing Cr, Ni and Mo that could increase the corrosion resistance of HT steel.
In EIS, coated HT steel which contains Cr, Ni and Mo in the steel shows increased value of Rct and Rf after the wet/dry Fig. 10(a) for the epoxy coated HT steel in 0.1 M NaCl solution (after wet/dry cycles test). A small portion of the rust was cut by FIB from the SEM rust part and was analyzed by TEM.
